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(57) ABSTRACT 

A microfabricated sheath flow Structure for producing a 
sheath flow includes a primary sheath flow channel for 
conveying a sheath fluid, a Sample inlet for injecting a 
sample into the sheath fluid in the primary sheath flow 
channel, a primary focusing region for focusing the Sample 
within the sheath fluid and a Secondary focusing region for 
providing additional focusing of the Sample within the 
sheath fluid. The Secondary focusing region may be formed 
by a flow channel interSecting the primary sheath flow 
channel to inject additional sheath fluid into the primary 
sheath flow channel from a selected direction. Asheath flow 
System may comprise a plurality of Sheath flow Structures 
operating in parallel on a microfluidic chip. 
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MULTILAYER HYDRODYNAMIC SHEATH FLOW 
STRUCTURE 

RELATED APPLICATIONS 

0001. The present invention claims priority to U.S. Pro 
visional Application Ser. No. 60/516,033, filed Oct. 30, 
2003, the contents of which are expressly incorporated by 
reference. 

FIELD OF THE INVENTION 

0002 The present invention relates to a system and 
method for producing a sheath flow in a flow channel. More 
particularly, the present invention relates to a System and 
method for producing a sheath flow in a microchannel in a 
microfluidic device. 

BACKGROUND OF THE INVENTION 

0003. Sheath flow is a particular type of laminar flow in 
which one layer of fluid, or a particle, is Surrounded by 
another layer of fluid on more than one side. The process of 
confining a particle Stream in a fluid is referred to as a 
sheath flow configuration. For example, in sheath flow, a 
sheath fluid may envelop and pinch a Sample fluid contain 
ing a number of particles. The flow of the sheath fluid 
containing particles Suspended therein may be narrowed 
almost to the outer diameter of particles in the center of the 
sheath fluid. The resulting sheath flow flows in a laminar 
State within an orifice or channel So that the particles are 
lined and accurately pass through the orifice or channel in a 
Single file row. 
0004. Sheath flow is used in many applications where it 
is preferable to protect particles or fluids by a layer of Sheath 
fluid, for example in applications wherein it is necessary to 
protect particles from air. For example, particle Sorting 
Systems, flow cytometers and other Systems for analyzing a 
Sample, particles to be Sorted or analyzed are usually Sup 
plied to a measurement position in a central fluid current, 
which is Surrounded by a particle free liquid sheath. 
0005. Sheath flow is useful because it can position par 
ticles with respect to Sensors or other components and 
prevent particles in the center fluid, which is Surrounded by 
the sheath fluid, from touching the sides of the flow channel 
and thereby prevents clogging of the channel. Sheath flow 
allows for faster flow velocities and higher throughput of 
sample material. Faster flow velocity is possible without 
shredding cells in the center fluid because the sheath fluid 
protects the cells from shear forces at the walls of the flow 
channel. 

0006 Conventional devices that have been employed to 
implement sheath flow have relatively complex designs and 
are relatively difficult to fabricate. 

SUMMARY OF THE INVENTION 

0007. The present invention provides a microfabricated 
sheath flow Structure for producing a sheath flow for a 
particle Sorting System or other microfluidic System. The 
sheath flow Structure may comprise a two-layer construction 
including a sheath inlet for introducing a sheath fluid into a 
primary sheath flow channel and a Sample inlet for intro 
ducing a Sample to the Structure. A Sample is introduced to 
the sheath fluid in the primary sheath flow channel via the 
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Sample inlet and Suspended therein. The primary sheath flow 
channel may branch at a location upstream of a Sample inlet 
to create a flow in an upper sheath channel. The primary 
sheath flow channel forms a primary focusing region for 
accelerating sheath fluid in the vicinity of a Sample channel 
connected to the Sample inlet. The Sample channel provides 
the injected Sample to the accelerating region, Such that the 
particles are confined in the sheath fluid. The primary 
focusing region further focuses the sheath fluid around the 
sample. The sheath flow then flows to a secondary sheath 
region downstream of the primary accelerating region con 
nects the upper sheath channel to the primary Sheath flow 
channel to further focus the sample in the sheath fluid. The 
resulting sheath flow forms a focused core of Sample within 
a channel. 

0008. The sheath flow structure may be parallelized to 
provide a plurality of sheath flow Structures operating in 
parallel in a Single System. The parallelized System may 
have a Single Sample inlet that branches into a plurality of 
Sample channels to inject Sample into each primary sheath 
flow channel of the system. The sample inlet may be 
provided upstream of the sheath inlet. Alternatively, the 
parallelized System may have multiple Sample inlets. The 
parallelized sheath flow Structure may have a single sheath 
fluid inlet for providing sheath fluid to all of the primary 
sheath flow channels and/or Secondary sheath channels, or 
multiple sheath fluid inlets for Separately providing sheath 
fluid to the primary sheath flow channels and or Secondary 
sheath channels. 

0009. According to a first aspect of the invention, a 
sheath flow Structure for Suspending a particle in a sheath 
fluid is provided. The sheath flow structure comprises a 
primary Sheath flow channel for conveying a sheath fluid, a 
Sample inlet for injecting a particle into the sheath fluid 
conveyed through the primary sheath flow channel, a pri 
mary focusing region for focusing the Sheath fluid around 
the particle in at least a first direction and a Secondary 
focusing region provided downstream of the primary focus 
ing region. The Secondary focusing region focuses the 
sheath fluid around the particle in at least a Second direction 
different from the first direction. 

0010. According to another aspect of the invention, a 
sheath flow Structure for Suspending a particle in a sheath 
fluid comprises a first Substrate layer including a primary 
sheath flow channel for conveying a sheath fluid and a 
Second Substrate layer Stacked on the first Substrate layer. 
The second substrate layer includes a first sheath inlet for 
introducing a sheath fluid to the primary Sheath flow chan 
nel, a Sample inlet downstream of the first sheath inlet for 
providing the particle to the primary Sheath flow channel in 
a primary focusing region to form a sheath flow including 
the particle Surrounded by the sheath fluid on at least one 
Side. A first Secondary sheath channel is formed in the first 
or Second Substrate layer in communication with the primary 
sheath flow channel. The first secondary sheath channel 
diverts a portion of said sheath fluid from the primary sheath 
flow channel. 

0011. According to still another aspect of the invention, 
a focusing region for focusing a particle Suspended in a 
sheath fluid in a channel of a sheath flow device is provided. 
The focusing region comprises a primary flow channel for 
conveying a particle Suspended in a sheath fluid and a first 
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Secondary flow channel interSecting the primary flow path 
for injecting sheath fluid into the primary flow channel from 
above the particle to focus the particle away from a top wall 
of the primary flow channel. 
0012. According to another aspect of the invention, a 
method of Surrounding a particle on at least two sides by a 
sheath fluid, comprises the Steps of injecting a sheath fluid 
into a primary sheath flow channel diverting a portion of the 
sheath fluid into a branching sheath channel, injecting the 
particle into the primary sheath flow channel to Suspend the 
particle in the sheath fluid to form a sheath flow and 
injecting the diverted portion of the sheath fluid into the 
sheath flow to focus the particle within the sheath fluid. 
0013. According to another aspect of the invention, a 
method of Surrounding a particle on at least two sides by a 
sheath fluid, comprises the Steps of conveying a sheath fluid 
through a primary sheath flow channel, injecting a particle 
into the sheath fluid conveyed through the primary sheath 
flow channel, focusing the sheath fluid around the particle in 
at least a first direction and focusing the sheath fluid around 
the particle in at least a Second direction different from the 
first direction. 

0.014. According to still another aspect, a sheath flow 
System is provided which comprises a plurality of a sheath 
flow Structures operating in parallel on a Substrate. Each 
sheath flow Structure comprises a primary sheath flow 
channel for conveying a sheath fluid, a Sample channel for 
injecting a particle into the sheath fluid conveyed through 
the primary Sheath flow channel, a primary focusing region 
for focusing the Sheath fluid around the particle in at least a 
first direction and a Secondary focusing region provided 
downstream of the primary focusing region for focusing the 
sheath fluid around the particle in at least a Second direction 
different from the first direction. 

BRIEF DESCRIPTION OF THE FIGURES 

0.015 FIG. 1 illustrates a sheath flow structure according 
to an illustrative embodiment of the invention. 

0016 FIGS. 2A-2B illustrate a multilayer sheath flow 
Structure according to an illustrative embodiment of the 
invention. 

0017 FIG. 2C illustrates is a cross sectional view 
through the centerline of the sheath flow structure of FIG. 
2A, showing the path of an injected particle through the 
Structure. 

0.018 FIG. 3 illustrates the path of a particle through the 
multilayer sheath flow structure of FIGS. 2A-2C. 
0019 FIG. 4A illustrates the flow profile within the 
primary focusing region and the Secondary focusing region 
during operation of the sheath flow structure of FIGS. 
2A-2C. 

0020 FIGS. 4B-4D are detailed cross-sectional views of 
the flow profiles within the primary sheath flow channel at 
different Stages during operation of the Sheath flow Structure 
of FIGS. 2A-2C. 

0021 FIGS. 5A-5C illustrates a multilayer sheath flow 
Structure according to an alternate embodiment of the inven 
tion, where a Sample is injected directly into a focusing 
region. 

Jun. 9, 2005 

0022 FIG. 6 is a perspective view of a sheath flow 
Structure according to another embodiment of the invention. 
0023 FIGS. 7A-7B illustrate a sheath flow structure 
including a Sample inlet provided upstream of a sheath flow 
inlet according to another embodiment of the invention. 
0024 FIGS. 8A-8B illustrate a parallelized sheath flow 
System for producing Sheath flow in multiple parallel chan 
nels according to another embodiment of the invention. 
0025 FIG. 9A is a fluorescent microscope image of a 
primary Sheath flow channel downstream from the Second 
ary focusing region in the parallelized sheath flow System of 
FIGS. 8A and 8B. 

0026 FIG.9B is fluorescent microscope image taken of 
a sample in the primary sheath flow channel of FIG. 9A after 
focusing of the sample. 
0027 FIG. 10 is a histogram diagramming the measured 
amount of fluorescence in the channel observed in FIG. 9B 
acroSS axis -A-A-. 

0028 FIG. 11 is a histogram Superimposing the fluores 
cence measurements from all eight primary sheath flow 
channels in the system of FIGS. 8A-8B. 
0029 FIG. 12 illustrates the distribution of core sizes for 
the sheath flows produced in the primary sheath flow chan 
nels in the system of FIGS. 8A-8B. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0030 The present invention provides a system and 
method for producing a sheath flow in a flow channel, Such 
as a microchannel. The present invention will be described 
below relative to illustrative embodiments. Those skilled in 
the art will appreciate that the present invention may be 
implemented in a number of different applications and 
embodiments and is not Specifically limited in its application 
to the particular embodiments depicted herein. 
0031 AS used herein, the term “microfluidic' refers to a 
System or device for handling, processing, ejecting and/or 
analyzing a fluid Sample including at least one channel 
having microScale dimensions. 
0032) The terms “channel” and “flow channel” as used 
herein refers to a pathway formed in or through a medium 
that allows for movement of fluids, Such as liquids and 
gases. A "microchannel” refers to a channel in the microf 
luidic System preferably have cross-sectional dimensions in 
the range between about 1.0 um and about 500 um, prefer 
ably between about 25 um and about 250 um and most 
preferably between about 50 um and about 150 lum. One of 
ordinary skill in the art will be able to determine an 
appropriate Volume and length of the flow channel. The 
ranges are intended to include the above-recited values as 
upper or lower limits. The flow channel can have any 
Selected shape or arrangement, examples of which include a 
linear or non-linear configuration and a U-shaped configu 
ration. 

0033 FIG. 1 illustrates a microfabricated sheath flow 
structure 10 according to an illustrative embodiment of the 
invention. The sheath flow structure 10 may be used to 
Suspend particles in a sheath fluid flow Stream for use in a 
particle Sorting System or other microfluidic System. The 
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sheath flow structure 10 includes a primary sheath flow 
channel 12 for conveying sheath fluid through the sheath 
flow structure 10. A flow may be induced through the 
primary Sheath flow channel 12 through any means known 
in the art, including one or more pumps. The sheath flow 
structure 10 further includes a sample inlet 15 for introduc 
ing a Sample, Such as one or more particles, to the sheath 
fluid flowing through the primary sheath flow channel 12, so 
that the sample is surrounded by the flowing sheath fluid. 
The Sample inlet 15 may comprise a channel, reservoir or 
other Suitable component in communication with the pri 
mary sheath flow channel 12. 
0034. According to one embodiment, the microfabricated 
sheath flow Structure is formed on a microfluidic chip and 
the primary sheath flow channel and other flow channels 
formed therein are microchannels having microScale dimen 
Sions. However, one skilled in the art will recognize that the 
sheath flow Structure may alternatively have larger dimen 
Sions and be formed using flow channels having croSS 
sectional dimensions greater than 500 lum. The illustrative 
sheath flow Structure can be fabricated in glass, plastics, 
metals or any other Suitable material using microfabrication, 
injection molding/stamping, machining or other Suitable 
fabrication technique. 
0035. After introduction of the sample into the sheath 
fluid, a primary focusing region 17 accelerates and focuses 
the sheath fluid around the injected sample. Preferably, the 
primary focusing region 17 focuses the sheath fluid away 
from the Sides and bottom of the Sample. A Secondary 
focusing region 19, disposed downstream of the primary 
focusing region 17 along the primary sheath flow channel, 
provides additional focusing of the sheath fluid around the 
Sample after the primary focusing region performs the 
primary focusing. Preferably, the Secondary focusing region 
19 focuses the sample in a vertical direction from above the 
Sample. 

0036). According to an illustrative embodiment, the com 
bination of the primary focusing region 17 and the Second 
ary focusing region 19 provides three-dimensional focusing 
of the sheath fluid around the sample. The resulting sheath 
flow is Sample-focused hydrodynamically on all sides of the 
sample away from the walls of the primary sheath flow 
channel 12, with the Sample being Suspended as a focused 
core in the approximate center of the channel. 
0037. The secondary focusing region 19 passes the result 
ing sheath flow in the primary sheath flow channel 12 to a 
particle Sorting System or other microfluidic System or 
component in fluid communication with an outlet 19a of the 
Secondary focusing region 19. The microfluidic System for 
receiving the sheath flow may be formed on the same chip 
or Substrate as the sheath flow structure or a different 
Substrate in fluid communication with the sheath flow struc 
ture 10. 

0.038 According to one embodiment, the sheath flow 
Structure may be formed using a plurality of Stacked layers. 
For example, FIGS. 2A-2C illustrate a two-layer sheath 
flow structure 100 for producing sheath flow according to 
one embodiment of the invention. In FIGS. 1 and 2A-2C, 
Similar parts are indicated by equivalent reference numbers. 
The illustrated sheath flow structure 100 has a two-layer 
construction including a bottom Substrate layer 10b and a 
top Substrate layer 10a stacked on the bottom Substrate layer 
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10b. Those of ordinary skill will recognize that any suitable 
number of layers can be used. The top substrate layer 10a 
may have formed therein a sheath inlet 11 for introducing a 
sheath fluid to the primary sheath flow channel 12 and a 
sample inlet 15 for introducing a sample to the sheath flow 
Structure. The primary sheath flow channel 12 for conveying 
the sheath fluid through the structure is formed in the bottom 
layer 10b of the two-layer sheath flow structure 100. As 
shown, the Sample inlet 15 connects to a Sample channel 16, 
which intersects the primary sheath flow channel 12 down 
Stream of the sheath inlet 11 to inject a Sample, Such as a 
Stream of particles, into a sheath fluid flowing in the primary 
sheath flow channel 12. 

0039 While the illustrative two-layer sheath flow struc 
ture 100 injects the sheath flow and sample particles from a 
top Surface of the Structure, one skilled in the art will 
recognize that the sheath inlet 11 and sample inlet 15 can be 
provided in any Suitable location and have any Suitable size 
and configuration. 
0040. The primary focusing region 17 in the two-layer 
sheath flow structure 100 of FIGS. 2A-2C may be formed 
by tapering the primary Sheath flow channel 12 from a 
relatively wide width W to a smaller width W" downstream 
of the intersection between the sample channel 16 and the 
primary sheath flow channel 12, as shown in FIG. 2B. The 
height of the channel may be Substantially constant through 
out the length of the channel or may be varied to facilitate 
focusing of the sample within the sheath fluid. 
0041. In the embodiment shown in FIG. 2A, the primary 
focusing region 17 is formed by dividing the primary sheath 
flow channel 12 into two subchannels 12a, 12b upstream 
from the sample inlet 15. The diverging subchannels 12a, 
12b form a sample injection island 50 therebetween. At the 
downstream end of the sample injection island 50, the 
Subchannels 12a, 12b merge to form the primary focusing 
region 17. The sample flow channel 16 projects into the 
primary focusing region 17 to convey the Sample particles 
provided via the Sample inlet 15 to the primary focusing 
region 17, Such that the Sample particles are Suspended in the 
sheath fluid. Alternatively, each of the subchannels 12a, 12b 
may have a separate inlet, and the Separated Subchannels 
may converge in the primary focusing region 17. 
0042. In the primary focusing region 17, the sample 
particles injected into the sheath flow are focused away from 
the sides and bottom by the sheath flow. As shown, the outlet 
of the sample flow channel 16 is in Substantially the middle 
of the primary focusing region 17, between the outlets of the 
Subchannels 12a, 12b, Such that the particles are Surrounded 
by sheath fluid flowing from the subchannels on both sides 
of the injected particles and centralized within the sheath 
fluid flow. The sheath flow channel 12 in the primary 
focusing region then tapers from a relatively wide width W 
at the outlets of the Subchannels 12a, 12b to a smaller width 
W' to force the sheath fluid around the suspended sample 
particles. 

0043. After suspension of the sample particles, the sheath 
flow then flows from the primary focusing region 17 through 
the sheath flow channel 12, which forms the secondary 
focusing region 19 downstream of the primary focusing 
region 17. According to an illustrative embodiment, the 
Secondary focusing region 19 utilizes sheath fluid to provide 
Secondary focusing of the sheath flow in a vertical direction 
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after the initial focusing provided by the primary focusing 
region 17. For example, as shown in FIGS. 2A-2C, the 
Secondary focusing region 19 may be formed by Secondary 
sheath channels 13a, 13b that intersect the primary sheath 
flow channel 12 in the secondary focusing region 19. The 
secondary sheath channels 13a, 13b flow and inject sheath 
fluid into the primary sheath flow channel 12 to focus the 
sample within the sheath fluid. 
0044 As shown, the inlets to the secondary sheath chan 
nels 13a, 13b, respectively, may interSect the primary sheath 
flow channel 12 in an intermediate upstream region between 
the sheath inlet 11 and the outlet of the sample channel 16. 
Branch points 24a, 24b connect each of the Secondary sheath 
channels 13a, 13b to the primary channel 12 to divert a 
portion of the sheath fluid from the primary sheath flow 
channel to each of the secondary sheath channels 13a, 13b, 
respectively. The diverted sheath flow then flows to the 
Secondary focusing region 19, where the outlets of the 
Secondary sheath channels 13a, 13b interSect the primary 
sheath flow channel 12. Preferably, the outlets of both 
Secondary sheath channels extend above and Substantially 
parallel to the fluid flow in the primary sheath flow channel 
12 in the vicinity of the secondary focusing region 19. In this 
manner, Secondary sheath fluid from the Secondary sheath 
channels 13a, 13b enters the primary sheath flow channel 12 
from the same side as the Sample, compressing the SuS 
pended Sample away from the upper wall of the channel 12 
(i.e., in the other direction from the main sheath of fluid 
around the particle). 
0.045. In the illustrative embodiment, branch points 24a, 
24b extend Substantially transverse or perpendicular to the 
primary sheath flow channel, while sheath channels 13a, 13b 
connected to the branch points 24a, 24b, respectively, extend 
substantially parallel to the primary sheath flow channel 12. 
Connection branches 25a, 25b for connecting the sheath 
channels 13a, 13b, respectively, to the primary sheath flow 
channel in the Secondary focusing region 19 may be parallel 
to the branch points 24a, 24b to create a flow path that is 
substantially reverse to the direction of the flow path through 
the branch points 24a, 24b, while the outlets inject the 
Secondary sheath fluid along a path that is above and 
substantially parallel to fluid flow in the primary sheath flow 
channel 12. 

0046) In the embodiment of FIGS. 2A-2C, the secondary 
sheath channels 13a, 13b are formed in the upper substrate 
layer 10a and placed into communication with the primary 
sheath flow channel 12 in the lower substrate layer 10b when 
the upper substrate layer 10a is stacked on the lower 
substrate layer. However, in another embodiment of the 
invention, one or both of the Secondary Sheath channels can 
be formed in the lower Substrate layer to provide focusing 
from any Suitable direction. 
0047 While the illustrative embodiment includes two 
branch points 24a, 24b, each connecting to a respective 
Secondary sheath flow channel 13a, 13b extending on oppo 
site sides of the primary sheath flow channel 12, one skilled 
in the art will recognize that the sheath flow structure of the 
present invention may include any Suitable number of Sec 
ondary sheath channels having any Suitable size, location 
and configuration. 

0.048 FIG.2C is a cross-sectional side view of the sheath 
flow Structure 100 comprising a Stacked upper Substrate 
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layer and a lower Substrate layer. AS shown, the primary 
sheath flow channel may be formed as an open channel in a 
top surface of the lower substrate layer 10b. The sheath inlet 
11 and the sample inlet 15 each extend through the upper 
substrate layer 10a from one surface 102 of the upper 
substrate layer 10a to the opposite surface 103. When the 
upper Substrate layer 10a is Stacked on the lower Substrate 
layer 10b, the sheath inlet 11 and sample inlet 15 are placed 
in communication with the primary sheath flow channel 12. 
The bottom surface 103 of the upper substrate layer 10a may 
further serve to enclose the primary sheath flow channel 12 
when the two Substrate layers are Stacked together. AS also 
shown, the Stacking of the upper Substrate layer places the 
inlet and outlet of each of the Secondary Sheath channels 
13a, 13b in communication with the primary sheath flow 
channel 12. 

0049. The substrate layers 10a, 10b can be machined, 
molded or etched to form the channels inlets and focusing 
regions. Suitable materials for forming the SubStrates 10a, 
10b include, but are not limited to silicon wafer, plastic, 
glass and other materials known in the art. 

0050 FIG. 3 is a cross-sectional view of the sheath flow 
structure 100 illustrating the path of a sample particle 
injected into the sheath flow Structure according to the 
teachings of the present invention. FIG. 4A is a perspective 
cross-sectional view of the sheath flow structure 100 illus 
trating the Sheath fluid and Suspending particle during the 
different stages of producing a sheath flow. FIGS. 4B-4D are 
croSS-Sectional detailed Views of the primary flow channel 
12 during the different Stages of producing a sheath flow. AS 
shown in FIG. 4B, sample 160 from the sample inlet 15 
enters the primary focusing region 17 through the Sample 
channel 16 connected to the sample inlet 15 and is focused 
on three sides by accelerating sheath fluid 120 flowing from 
the Secondary sheath channels into the Sheath channel 12 in 
the primary focusing region 17. The resulting focused flow 
170, having the particles Suspended therein, passes to the 
secondary focusing region 19. Additional sheath fluid 130 
enters the primary sheath flow channel 12 through a con 
nector in the Secondary focusing region 19 to focus the 
Suspended particles on the fourth Side, forming a central core 
190, as shown in detail in FIG. 4C. The resulting sheath 
flow 200 is a laminar flow that is sample focused hydrody 
namically from all sides away from the walls at the channel 
center, as shown in FIG. 4D. The desirable core flow 
location may or may not be at center of the primary sheath 
flow channel downstream of the secondary sheath flow 
Structure. 

0051. In the illustrative embodiment, the flow resistance 
ratio between the primary sheath flow channel 12 and the 
branched secondary sheath channels 13a, 13b is calibrated 
to position the core at Specific region in the downstream 
sheath flow channel. The desirable core flow location may or 
may not be at center of downstream channel. 

0052 According to an alternate embodiment of the 
invention, shown in FIGS. 5A-5C, in which like parts are 
indicated by like reference numbers, the Sample can be 
injected directly from a sample inlet 15b into a primary 
focusing region 17", which is formed by a widening of the 
sheath channel 12 downstream of the branch points 24a, 
24b. The primary sheath flow channel 12 conveys the sheath 
fluid directly to the primary focusing region 17, and the 
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Sample particles are directly injected into the center of the 
sample flow and confined therein. In this embodiment, the 
primary sheath flow channel does not branch into Subchan 
nels, and the acceleration of the sheath fluid and Suspension 
of injected particles can be accomplished by Shaping the 
primary sheath flow channel in a Suitable manner. 

0053 FIG. 6 illustrates a sheath flow structure 100 
according to another embodiment of the invention, including 
Separate sheath inlets for the primary sheath flow and the 
sheath fluid (secondary sheath fluid) that is added to the 
sheath flow in the Secondary focusing region 19. AS Shown, 
the sheath flow structure 100 of FIG. 5 includes a primary 
sheath inlet 11a for providing a primary sheath flow to 
Suspend the injected Sample particles and a Secondary sheath 
inlet 11c for providing secondary sheath flow to focus the 
particles within the primary sheath fluid in the Secondary 
focusing region. In the embodiment shown in FIG. 5, the 
primary sheath inlet 11c is formed in an upper Substrate layer 
10a and the secondary sheath inlet 11c is formed in a second 
substrate layer 10b, though one skilled in the art will 
recognize that the invention is not limited to this configu 
ration. 

0.054 According to another embodiment of the invention, 
shown in FIGS. 7A and 7B, the sample inlet 15 may be 
provided upstream or behind the sheath inlet. In this embodi 
ment, the upstream portion of the primary sheath flow 
channel 12 comprises two separate Subchannels 12a, 12b, 
which converge in the primary focusing region 17. Each 
subchannel 12a, 12b has a separate inlet 11a, 11b for 
introducing sheath fluid to the respective Subchannel. The 
embodiment of FIGS. 7A and 7B further includes separate 
sheath inlets 11c, 11d for the secondary sheath channels 13a, 
13b. As described above, the secondary sheath channels 
interSect the primary sheath flow channel 12 in the Second 
ary focusing region to provide focusing of a Sample within 
a flowing sheath fluid in the primary sheath flow channel 12. 
The design of the illustrative sheath flow structure of FIGS. 
7A and 7B is suitable for parallelization of the sheath flow 
proceSS because multiple Sample channels 16 can be fed into 
an array of sheath fluid injectors on a single microfluidic 
chip. 

0055 While the embodiment of FIG. 7 shows separate 
sheath inlets for each subchannel of the primary flow 
channel and each Secondary sheath flow channel, one skilled 
in the art will recognize that the primary Sheath flow channel 
can alternatively have a single inlet, as shown in FIGS. 
2A-2C, 5A-5C and 6. The primary sheath flow channel can 
include Subchannels that converge to Suspend an injected 
particle, as described with respect to FIGS. 2A-2C and 6. 
The primary sheath flow channel may alternatively be 
shaped and configured to widen to Surround an injected 
particle, as described with respect to FIGS. 5A-5C. In 
addition, while the embodiment of FIG. 7 shows the Sec 
ondary Sheath flow channels to be formed Separately from 
the primary sheath flow channel, one skilled in the art will 
also recognize that one or more of the Secondary sheath flow 
channels 13a, 13b may be formed by diverted a portion of 
the sheath fluid in the primary sheath flow channel into one 
or more of the Secondary flow channels, eliminating the need 
for a separate sheath inlet. 

0056 FIGS. 8A-8B illustrate an array of sheath flow 
structures 10a–10h may be formed on a single microfluidic 
chip 800 according to another embodiment of the invention. 
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The microfluidic chip 800 can comprise an upper substrate 
layer including Selected components of each sheath flow 
Structure and a lower Substrate layer including Selected 
components of each sheath flow Structures Such that when 
the upper Substrate layer is Stacked on the lower Substrate 
layer, the array of sheath flow structures is formed. FIG. 8 
illustrates an array of eight parallel three-dimensional sheath 
flow structures 10a–10h implementing the rear sample injec 
tion scheme of FIG. 7. As shown, a single sample inlet 15 
can be used to inject a Sample into each of the primary sheath 
flow channels 12a-12h. The microfabricated design allows 
the System to precisely split an input Sample provided in the 
Sample inlet among eight Separate Sample channels 16a-16h, 
which then inject the Sample into the primary Sheath flow 
channels. The use of a sample inlet 15 upstream of the sheath 
inlet facilitates parallelization of multiple sheath flow Struc 
tures in a Single integrated System. Alternatively, a Sample 
inlet provided upstream of the sheath flow inlets may be 
Separately provided for each primary sheath flow channel. 
0057) Each of the channel inlets 11a, 11b, 11c or 11d for 
each sheath flow Structure may be aligned, as shown in 
FIGS. 8A and 8B or staggered. Furthermore, a single inlet 
may be provided for one or more primary sheath flow 
channel and/or Secondary Sheath channel in each sheath flow 
structure in the parallelized system of FIG. 8, or the chan 
nels may share inlets, as described above. 
0.058. In the embodiment shown in FIG. 8B, the primary 
sheath flow channels 12a-12h converge downstream of the 
Secondary focusing regions, So that the Sheath flows pro 
duced therein are rejoined and flowed off-chip via a single 
outlet 812. Alternatively, each primary sheath flow channel 
can Separately flow off-chip. 
0059 Exemplification of the Invention: 
0060. The parallelized sheath flow structure 800 of FIG. 
8 was formed on a microfluidic chip and used to produce a 
sheath flow. Eight primary sheath flow channels were 
formed 800 microns apart, with associated Sample channels, 
Secondary sheath flow channels and other components also 
formed in parallel on the chip. The chip was glued to a 
fixture by 300LSE adhesive available from 3M Corporation 
and cured for 72 hours. A 10:1 dilution of 6 micron yellow 
beads from Spherotech was used as the Sample and Dako 
Cytomation sheath buffer was used as sheath fluid. The 
sheath fluid to sample ratio was 45:1. The flow rate was 
produced So that the number of beads flowing through a 
selected primary sheath flow channel was about 750 beads 
per Second. The injected Sample was divided among the 
eight Sample channels and the Sample portion in each Sample 
channel was injected into the DakoCytomation sheath buffer 
flowing through the primary sheath flow channel associated 
with that sample channel. The sheath flow was initially 
focused from the sides and bottom of the channel in the 
primary focusing regions around the Sample of each primary 
sheath flow channel. After the primary focusing, the Sample 
flowed to the Secondary focusing region where sheath fluid 
from the Secondary Sheath channels was injected to focus the 
Sample in a vertical direction and form a core of the Sample 
within each primary Sheath flow channel. 
0061 The resulting sheath flow was then observed using 
a fluorescent microScope over a period of about eight 
seconds, and the results are shown in FIGS. 9A-10. FIG. 9A 
is an image of one of the primary sheath flow channels 12 
in the system of FIG. 8, illustrating the side walls 111, 112 
of the channel 12. FIG. 9B is a fluorescent microscope 
image of the same region of the channel as shown in FIG. 
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9A taken using the fluorescent microScope after the Second 
ary focusing of the Sample in the channel. The Side walls, 
while not clearly visible in FIG. 9B are in the approximate 
same location within the Figure as are the side walls 111, 112 
in FIG. 9A. The bright spot illustrates the concentration of 
the fluorescent beads 160 of the sample in the core ten 
microns of the two-hundred micron channel 12. FIG. 10 is 
a histogram of the image of FIG. 9B across axis -A-A- 
demonstrating the clean core flow produced by the sheath 
flow Structure. The magnitude of the peak in the histograms 
reflects the amount of fluorescence observed for each loca 
tion within the respective channel. AS clearly shown in these 
Figures, the sheath flow structure 800 of the illustrative 
embodiment of the invention produces a Sample-focused 
hydrodynamic sheath flow forming a central, focused core 
of sample 160 within a channel 12. 

0.062 FIG. 11 is a histogram comparing the cores for 
each of the resulting sheath flows in all eight Samples of in 
the parallelized sheath flow structure of FIG. 8. As shown, 
each channel produces a Substantially similar central core of 
the sample within the sheath fluid. The core is produced in 
Substantially the same location within each primary sheath 
flow channel. The approximate locations of the side walls of 
the channels are indicated by reference numbers 111, 112. 

0063 FIG. 12 illustrates the distribution of core sizes 
from the Single eight primary sheath flow channels in the test 
system of FIG.8. As shown, the core produced in all of the 
channels using the sheath flow production method described 
above falls within 8.8+/-0.7 micron core width. 

0064. The sheath flow structure of the illustrative 
embodiment of the invention provides significant advan 
tages not found in sheath flow Structures of the prior art. The 
illustrative sheath flow structure provides three-dimensional 
hydrodynamic focusing using a single sheath fluid inlet. The 
illustrative sheath flow Structure has a compact structure 
designed for manufacturability and requires only two struc 
tural layers in fabrication. Because the entrance to the sheath 
flow channels are only required on one side of the Structure, 
the fluidic input/output Structures can be simplified. Further 
more, the core flow vertical location is controllable by 
geometric (lithographic) resistance ratios between adjacent 
channels. The illustrative sheath flow structure provides 
accurate results that are largely insensitive to alignment 
between adjacent layers, as the only alignment required is to 
maintain the components in adjacent layerS along the same 
centerline. The reentrant flow downstream of Sample injec 
tion is then Symmetric. In addition, the long path length of 
the branching upper sheath channels 13a, 13b results in 
negligible resistance ratio (therefore flow rate ratio) shift 
between two branch arms through misalignment of center 
lines. 

0065. The present invention has been described relative 
to an illustrative embodiment. Since certain changes may be 
made in the above constructions without departing from the 
Scope of the invention, it is intended that all matter contained 
in the above description or shown in the accompanying 
drawings be interpreted as illustrative and not in a limiting 
SCSC. 

0.066. It is also to be understood that the following claims 
are to cover all generic and Specific features of the invention 
described herein, and all Statements of the Scope of the 
invention which, as a matter of language, might be said to 
fall therebetween. 
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1. A sheath flow Structure for Suspending a particle in a 
sheath fluid, comprising: 

a primary Sheath flow channel for conveying a sheath 
fluid; 

a Sample inlet for injecting a particle into the sheath fluid 
conveyed through the primary sheath flow channel; 

a primary focusing region for focusing the Sheath fluid 
around the particle in at least a first direction; and 

a Secondary focusing region provided downstream of the 
primary focusing region for focusing the sheath fluid 
around the particle in at least a Second direction dif 
ferent from the first direction. 

2. The sheath flow structure of claim 1, wherein the 
primary focusing region focuses the sheath fluid and particle 
away from a first Side wall, a Second Side wall and a third 
side wall of the primary sheath flow channel. 

3. The sheath flow structure of claim 2, wherein the 
Secondary focusing region focuses the sheath fluid and 
particle away from a fourth Side wall of the primary Sheath 
flow channel. 

4. The sheath flow structure of claim 3, wherein the fourth 
Side is a top wall of the primary Sheath flow channel. 

5. The sheath flow structure of claim 1, wherein the 
primary focusing region is formed by tapering the primary 
sheath flow channel in a direction along which fluid flows 
therethrough. 

6. The sheath flow structure of claim 1, wherein the 
Secondary focusing region injects sheath fluid into the 
primary sheath flow channel to focus the sheath fluid around 
the particle. 

7. The sheath flow structure of claim 6, wherein the 
Secondary focusing region comprises a first Secondary 
sheath channel for conveying a Secondary Sheath fluid. 

8. The sheath flow structure of claim 7, wherein the 
Secondary focusing region further comprises a Second Sec 
ondary sheath channel for conveying the Secondary sheath 
fluid, the first Secondary sheath channel provided on a first 
Side of the primary sheath flow channel and the Second 
Secondary sheath channel provided on a Second Side of the 
primary Sheath flow channel. 

9. The sheath flow structure of claim 7, wherein the first 
Secondary Sheath channel has an inlet that interSects the 
primary sheath flow channel to divert a portion of the sheath 
fluid in the primary sheath flow channel into the first 
Secondary sheath channel. 

10. The sheath flow structure of claim 7, wherein the first 
Secondary sheath channel has an inlet that is separate from 
the primary sheath flow channel. 

11. The sheath flow structure of claim 1, wherein the 
primary sheath flow channel divides into a first subchannel 
and a Second Subchannel upstream of the primary focusing 
region. 

12. The sheath flow structure of claim 11, wherein the first 
Subchannel and the Second Subchannel converge in the 
primary focusing region to Surround a particle injected into 
the primary focusing region with sheath fluid. 

13. The sheath flow structure of claim 1, wherein the 
primary Sheath flow channel is a microchannel. 

14. The sheath flow structure of claim 1, wherein the 
sheath flow structure is a microfluidic device. 
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15. A sheath flow Structure for Suspending a particle in a 
sheath fluid, comprising: 

a first Substrate layer including a primary sheath flow 
channel for conveying a sheath fluid, 

a Second Substrate layer Stacked on the first Substrate layer 
including a first sheath inlet for introducing a sheath 
fluid to the primary sheath flow channel, and a Sample 
inlet downstream of the first sheath inlet for providing 
the particle to the primary sheath flow channel in a 
primary focusing region to form a sheath flow includ 
ing the particle Surrounded by the sheath fluid on at 
least one side; and 

a first Secondary Sheath channel formed in one of Said first 
Substrate layer and Said Second Substrate layer in com 
munication with the primary sheath flow channel, 
wherein the first Secondary sheath channel diverts a 
portion of said sheath fluid from the primary sheath 
flow channel. 

16. The sheath flow structure of claim 15, wherein the first 
Secondary sheath channel intersects the primary sheath flow 
channel in a region between Said first sheath inlet and Said 
Sample inlet. 

17. The sheath flow structure of claim 15, wherein the first 
Secondary sheath channel provides the diverted portion of 
the sheath fluid to a Secondary focusing region downstream 
of the primary focusing region, where the diverted portion of 
the sheath fluid reenters the primary sheath flow channel to 
focus the particle within the sheath flow. 

18. The sheath flow structure of claim 15, wherein the first 
Secondary sheath channel is formed in the Second Substrate 
layer. 

19. The sheath flow structure of claim 15, further com 
prising a Second Secondary Sheath channel for diverting 
another portion of said sheath fluid from the primary sheath 
flow channel, the first Secondary sheath channel provided on 
a first Side of the primary sheath flow channel and the Second 
Secondary sheath channel provided on a Second Side of the 
primary sheath flow channel. 

20. The sheath flow structure of claim 15, further com 
prising a Secondary focusing region for focusing the sheath 
flow around the particle. 

21. The sheath flow structure of claim 15, wherein the 
primary focusing region is formed by tapering the primary 
sheath flow channel in a direction along which fluid flows 
therethrough. 

22. The sheath flow structure of claim 21, wherein the 
Sample inlet intersects a relatively wide portion of the 
primary sheath flow channel. 

23. The sheath flow structure of claim 15, wherein the 
primary sheath flow channel divides into a first subchannel 
and a Second Subchannel upstream of the primary focusing 
region. 

24. The sheath flow structure of claim 21, wherein the first 
Subchannel and the Second Subchannel converge in the 
primary focusing region to Surround a particle injected into 
the primary focusing region with sheath fluid. 

25. The sheath flow structure of claim 15, wherein the 
primary sheath flow channel is a microchannel. 

26. The sheath flow structure of claim 15, wherein the 
sheath flow structure is a microfluidic device. 
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27. A focusing region for focusing a particle Suspended in 
a sheath fluid in a channel of a sheath flow device, com 
prising: 

a primary flow channel for conveying a particle Sus 
pended in a sheath fluid, and 

a first Secondary flow channel interSecting the primary 
flow path for injecting sheath fluid into the primary 
flow channel from above the particle to focus the 
particle away from a top wall of the primary flow 
channel. 

28. The focusing region of claim 27, further comprising: 
a Second Secondary flow channel interSecting the primary 

flow path on an opposite Side from the first Secondary 
flow channel for injecting sheath fluid to focus the 
particle within the primary flow channel. 

29. The focusing region of claim 27, wherein the first 
Secondary flow channel intersects the primary flow channel 
in a region upstream from a Sample inlet for injecting a 
sample into the sheath fluid in the primary flow channel to 
divert a portion of the sheath fluid into the first secondary 
flow channel. 

30. The sheath flow structure of claim 27, wherein the 
primary flow channel is a microchannel. 

31. A method of Surrounding a particle on at least two 
Sides by a sheath fluid, comprising the Steps of: 

injecting a sheath fluid into a primary sheath flow chan 
nel; 

diverting a portion of the Sheath fluid into a branching 
sheath channel; 

injecting the particle into the primary sheath flow channel 
to Suspend the particle in the sheath fluid to form a 
sheath flow; and 

injecting the diverted portion of the sheath fluid into the 
sheath flow to focus the particle within the sheath fluid. 

32. A method of Surrounding a particle on at least two 
Sides by a sheath fluid, comprising the Steps of: 

conveying a sheath fluid through a primary sheath flow 
channel; 

injecting a particle into the sheath fluid conveyed through 
the primary sheath flow channel; 

focusing the sheath fluid around the particle in at least a 
first direction; and 

focusing the sheath fluid around the particle in at least a 
Second direction different from the first direction. 

33. A sheath flow System, comprising: 
a plurality of a sheath flow Structures operating in parallel 

on a Substrate, each sheath flow Structure comprising: 
a primary Sheath flow channel for conveying a sheath 

fluid; 
a Sample channel for injecting a particle into the sheath 

fluid conveyed through the primary sheath flow 
channel; 

a primary focusing region for focusing the sheath fluid 
around the particle in at least a first direction; and 

a Secondary focusing region provided downstream of 
the primary focusing region for focusing the sheath 
fluid around the particle in at least a Second direction 
different from the first direction. 
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34. The sheath flow system of claim 1, further comprising 
a Sample inlet for providing at least one particle to each 
Sample channel in Said plurality of sheath flow Structures. 

35. The sheath flow system of claim 33, further compris 
ing a sheath inlet, the Sheath inlet branching into a plurality 
of branches for providing sheath fluid to each of the primary 
sheath flow channels in the System. 

36. The sheath flow system of claim 34, further compris 
ing at least one sheath fluid inlet for providing Sheath fluid 
to at least one of the primary Sheath fluid channels, the 
Sample inlet being provided upstream of the sheath fluid 
inlet. 

37. The sheath flow system of claim 33, wherein each 
sheath flow structure further comprises a sheath inlet for 
providing sheath fluid to the primary sheath flow channel. 

38. The sheath flow system of claim 33, wherein the 
System of formed by Stacking two microfluidic chips 
together. 
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39. The sheath flow system of claim 33, wherein at least 
one of the primary Sheath flow channels comprises a first 
Subchannel and a Second Subchannel. 

40. The sheath flow system of claim 39, wherein the first 
Subchannel and the Second Subchannel converge in the 
primary focusing region to Suspend a particle injected in the 
primary focusing region in sheath fluid. 

41. The sheath flow system of claim 33, wherein each of 
the Secondary focusing regions injects a Secondary sheath 
fluid into the primary sheath flow channel to focus the 
particle. 

42. The sheath flow system of claim 41, wherein the 
Secondary sheath fluid is provided by diverting a portion of 
the sheath fluid in the associated primary sheath flow 
channel into a Secondary sheath channel that intersects the 
primary sheath flow channel in the Secondary focusing 
region. 


